Introduction
The cleano xidation of alcohols to carbonyl compounds using no solvento rw ater as the reactionm ediuma nd oxygen or hydrogen peroxide as the primary oxidant is an important objective of contemporary chemical research. [1] The development of highly desirable selectivep hotocatalytic processes using visible light or ultraviolet (UV) photonsa nd oxygen as reactants at room temperature, in particular, is the object of considerable research efforts, [2] with examples ranging from the selectiveoxidation of glycerolo ver sol-gel-encapsulated bismuth tungstate (Bi 2 WO 6 ), [3] to sulfoxidation of alkanes, [4] conversion of ferulic acid into vanillin, [5] and of alcohols into aldehydes. [6] Even though generallyr equiring energetic UV radiation, the use of cheap titaniumd ioxide as ap hotocatalyst for organic synthesis is of relevant practical interestd ue to its abundance, nontoxic nature and pronounced stability. [2] In general, the presence of water enhancest he unselective mineralization activity of nanostructured titanium dioxide. [7] Titaniumd ioxide possessing moderate crystallinity shows higher selectivity.O n the other hand, the highly ordered crystal lattice of titanium dioxide, especiallyi nt he anatasef orm, makes the mineralization path faster than the adsorption/desorption steps,s othat the target productsa re mineralized before being desorbed. [8] For this reason,a lthough high selectivity (> 99 %) towards aldehydef or alcohol oxidationc onducted in harmful solvents, such as acetonitrile [9] or trifluoromethylbenzene, [10] or in the presence of different catalysts has been reported, [11] the achievement of high selectivity in processes carried out in aqueous systems and in the presence of titaniumd ioxide is still ac hallenge.
One eleganta nd effective approacht oe nhances electivity relies on increasing the affinity between the target reactant and the catalyst surface. For instance, the hydrophobicity of the catalyst can be opportunelyt uned by grafting the surface of P25 titania (commercial TiO 2 composed of 80 %a natase and 20 %r utile with as pecific surface area of 50 m 2 g
À1
)w ith noctyl groups,a ffordingamaterial that exhibits good selectivity when employedf or the selectiveo xidationo fn onylphenol. [12] The oxidation of alcohols to carbonyl compounds in ac lean fashion (i.e.,w ith water as as olvento ru nder solvent-free conditions, and using O 2 or H 2 O 2 as the primary oxidant) is the subjecto fc onsiderable research efforts. An ew approach for the selectiveo xidation of soluble aromatica lcohols in water under mild conditions via an ovel composite photocatalyst has been developed.T he catalyst is synthesized by grafting 4-(4-(4-hydroxyphenylimino)cyclohexa-2,5dienylideneamino)phenol and silver nanoparticles onto the surfaceo fm oderately crystalline titaniumd ioxide. The titanium dioxide-based composite was first extensively characterized and then employedi nt he catalytic oxidation of 4-methoxybenzyl alcohol to 4-methoxybenzaldehyde under UV irradiationi nw ater at room temperature. The corresponding aldehyde was obtained with unprecedented high selectivity (up to 86 %). The methodi sg eneral and opens the route to fabrication of photocatalytic composites based on titaniumd ioxide functionalized with shuttle organic molecules and metal nanoparticles for av ariety of oxidative conversions. In another approach,t he selectivity is enhancedb yd ecreasing the residence time of the reaction product, thereby preventing furthero xidation as demonstrated with aromatic alcohols to the correspondinga ldehydes. [13] Finally,d oping of titanium dioxide with metal nanoparticles (NPs) has also been effectively used as as trategy for enhancing selectivity,s uch as in the case of gold NPsd eposited at the anatase-rutile interface for the partial oxidation of alcohols to the correspondinga ldehydes, [14] as well as for P25 titania loadedw ithi ridium and palladium nanoclusters. [15] In this work, we describean ovel approach to the selective photocatalytic oxidation of 4-methoxybenzyl alcohol( 4-MBA) to 4-methoxybenzaldehyde (4-MBD) in water using ah ybrid titanium dioxide-based photocatalyst functionalizedw ith conjugate organicm olecule 4-(4-(4-hydroxyphenylimino)cyclohexa-2,5dienylideneamino)phenol (DIOL), easily synthesized via condensation of p-quinonea nd 4-aminophenol (Scheme 1), and silver NPs. The method is general,a nd the observed selectivity towardst he aldehyde of up to 86 %i s, to the best of our knowledge,the highest reported for reactions in water suspensions of titaniumdioxide thusf ar.
Results and Discussion
Twol aboratory-prepared titaniumd ioxide catalysts, HP1 (mixture of anatase and rutile phases) and Rutile (rutile phase only), were functionalized with DIOL and silver NPs and employed in the oxidation of 4-MBA in water.T he materials were opportunely designedi no rder to obtain photocatalysts able to fulfill most of the requirements necessary to achieveh igh selectivity in the partial oxidation of aromatic alcohols to aldehydes.
HP1 and Rutile were chosen as the basis for the catalysts because of their poor crystallinity degree. In fact, it is known that high activity arising from the highly ordered crystal lattice of titanium dioxide makes the mineralization path faster than the adsorption/desorption steps, so that the target products are mineralized before being desorbed. [8] DIOL was opportunely synthesized in order to facilitate adsorption of the aromatic alcohol and to allow fast interfacial electron transfer due to its high conjugation. Table 1s hows the highest selectivity values towards4 -MBD. For comparison, the unfunctionalized titanium dioxide materials were tested in the same reaction.
Both HP1 and Rutile samples were active (Entries 1a nd 5; Ta ble 1), with Rutile being more selective. Functionalization of HP1 with DIOL increases the selectivity from 39 to 48.5 % (Entry 3; Ta ble 1), while the presence of both DIOL and silver NPs results in selectivity that is twice as high with respectt o both unfunctionalized HP1 and Rutile (Entries 4a nd 8, respectively;T able1).
In order to check the influence of silver NPs without the concurrent presence of DIOL, the same reactionw as carried out using silver NPs-functionalized HP1 (HP1-S) and Rutile (Rutile-S)( Entries 2a nd 6; Ta ble 1). In both cases, the values of conversion and maximum selectivity toward4 -MBD were similar to those obtained in the presence of the corresponding unfunctionalized samples, indicating that the effect of silver NPs in increasing selectivity is strongly bound to the presence of DIOL.
Figure1 shows the kinetics of 4-MBA photocatalytic oxidation run in water in the presence of Rutile-D-S (Rutile functionalized with both diol and silver NPs) at room temperature. The major oxidationp roduct was 4-MBD, along with CO 2 .A ll the reactivity runs indicated that the rate of formation of aldehyde and CO 2 is differentf rom zero from the beginning of irradiation, thus suggesting that their formation starts in concomitance with irradiation.
Scheme1.Synthesis of DIOL. Reagents and conditions:a)EtOH, reflux, 6h. Prolonging the reaction time results in mineralization of the reactionp roduct as well as the formation of traces of 4-methoxybenzoic acid. Indeed, for all catalystss tudied,t he selectivity in each run increased until am aximum,a nd then decreased at higher irradiationt imes. This typical trend can be explained by considering that the selectivity towards 4-MBD increases until its concentration in the liquid phase limits the desorption from the catalyst surface, so that its degradation becomes relevant.
Blank experimentsc arried out under visible light (using a1 00 Wt ungstenh alogen lamp with emitted radiationa tl 400 nm cut off by means of a1 m NaNO 2 solution) showed negligible conversion of 4-MBA,indicating that UV light irradiation is necessary for this reaction.
The stability of the DIOL molecule adsorbed onto the surface of titaniumd ioxide was provedb yi rradiating aw ater suspensiono fH P1-D catalyst( functionalized with DIOL only) under UV light for 20 h. Samples were takena tf ixed time intervals and analyzed by means of at otal organic carbon( TOC) analyzer.T he amount of dissolved organic carbonw as negligible for all samples, showing the stability of the composite.
To check catalystr eusability, after the partial oxidation run, the HP1-D catalystw as carefully washed andr eused for another run. Almost the same activity and selectivity wereo btained in the two sequential tests, confirming the reusability and stability of the catalyst. Similar tests were carriedo ut using HP1-D-S and Rutile-D-S. Also in this case, the stability of DIOL was confirmed. Moreover,t he amount of silver released in solution was qualitativelym onitored by adding chloride ions. The amount of silver chloride thus produced was negligible in all samples withdrawn during each run.
The enhancement in selectivity of the modified catalystc an be ascribed both to the increased adsorption of the aromatic alcohol at the titaniumd ioxide surface modified with phenol groups,and to the decreased affinity for the surface of the aromatic aldehyde. In fact, once formed, the aromatic aldehyde, with lower chemical affinity for the irradiated surface compared with alcohol or water,w ould easily desorba voiding further oxidation. Furthermore, the conjugated structure of the DIOL molecule allows fast electron transfer from the titanium dioxide to the outer shell of the composite where the redox reactionoccurs.
The role of the silver NPs in furtheri ncreasing both the selectivity and conversiono ft he reactioni sd ue to the effective electronic junction between titaniumd ioxide and silver.D IOL acts as amolecular conductive bridgebetween them. As aconsequence ab etter spatial charge separation is achieved.
The TiÀOb ondb etween titanium dioxide and DIOL has been reported as the preferentiali nteraction for phenolic species adsorbed on titaniumd ioxide. [16] The majority of silver NPs deposited on the DIOL-graftedt itaniumd ioxide are likelyc ovalently attached to the terminal phenolic oxygen of DIOL ( Figure 2) ;h owever,adirect interaction of Ag NPs with the titanium dioxide surface cannot be ruled out. [17] Figure 3s hows the temporal trend of 4-MBA concentration for runs in the presence of Rutile, Rutile-Da nd Rutile-D-S catalysts (a similart rend, not shown, was observed also in the case of HP1 catalysts). The presence of DIOL molecules on the surface of the titanium dioxide strongly depresses the activity with respect to unfunctionalized titaniumd ioxide. However, the activity of Rutile-D-S was highert han that observed for the Rutile-Ds ample, again due to the photogenerated electrons conveyed by the metal NPs and to the subsequentl ower electron-hole recombination and higher radicalproduction.
The scanning electron microscope (SEM) images of HP1 and of Rutile samples in Figure 4s how that all catalyst samples are comprised of aggregated spherical particles with diameter rangingf rom 40 to 70 nm. In the case of HP1, the presenceo f DIOL molecules duringt he preparation procedure causes the The UV-vis absorption profiles of the investigated catalysts are shown in Figure 5 . The unfunctionalized titanium dioxide samples show an absorption edge at 400 nm, corresponding to electron excitation from the conduction to the valence band.
The presence of DIOL in samples HP1-D and Rutile-D introduces an ovel broad absorptioni nt he visible region of the spectra.T wo bands roughly centered at 450 and 600 nm are also evident (especially for the Rutile-D and Rutile-D-S) in the absorbance spectrum of pure DIOL (Figure6). The broad absorptionupto8 00 nm explains the grey color of the DIOL containing powders. The presence of silver NPs does not produce any change in the opticalb ehavior of the powders, likely due to the intenseDIOL absorption in the visible region.
The reduction and oxidation potentials of DIOL were calculated by meanso fc yclic voltammetry from the mediated anodic and cathodic peak potentials as the shape of the curves shows the presence of reversible electron-transfer processes. The values were confidently correlated to the highest occupied molecular orbital (HOMO) and to the lowest unoccupied molecular orbital (LUMO), since the experiments were carried out in the absence of oxygen and water in ordert oa void degradation of the organic species.
The relationships described by Equations (1) and (2) were applieda ccording to the relevant literature, [6, 18] where E Ag/Ag + is the potential of Ag/Ag + versus normalh ydrogen electrode (NHE) (0.36 V).
Based on the cyclic voltammetryr esults (Supporting Information), the HOMO and LUMO of DIOLw ere determined to be À5.3 and À3.6 eV,r espectively,s ot hat the energy gap of DIOL is aproximately 1.7 eV.T his energy gap corresponds to aw avelength of about 1240/1.7 = 730 nm, av alue in good agreement with the absorption onset shown in the absorbance spectrum of DIOL in ethanol ( Figure 6 ). The X-ray powder diffraction (XRD) patterns in Figure 7o f the HP1 catalyst series show that they are comprised of am ixture of anatase and rutile phases, whereas the patternso ft he Rutile catalysts eries show that the materials present the pure rutile phase. The presence of an amorphous phase also cannot be excluded. As far as the HP1 samples are concerned, it is evident that the presence of DIOL during the materials ynthesis decreases the formation of the anatasep hase.
From the cyclic voltammetry data obtainedf rom as olution of DIOL in acetonitrile andf rom the electronic structure of HP1 and Rutile, [19] it is possible to draw am echanistic scheme of the electronic transitions in the HP1-D and Rutile-D catalysts (Scheme 2). The relative positiono ft he energy levels explains the stability of the composite and the absence of dissolved organic carbon of aw ater suspension of HP1-D under UV irradiation.
Under UV irradiation, both HP1 andD IOL absorb the UV photons. However,t he DIOL molecule cannotb eo xidized by the holes photogenerated in the valence band of titaniumd ioxide (oxidation thermodynamically not favored). Similar considerations can be also made for the Rutile-D sample. Indeed, although in this case the energy of the conduction band of Rutile results about 0.2 eV lower than that of HP1, the relative positions of the energetic levels is retained. Once generated and spatially separated,e lectrons and holes initiate the wellknown photocatalytic mechanism described in the relevant literature [6, 9, 13, 19, 20] for aldehyde formation.
Conclusions
We have used an integrated approacht od evelop ac omposite hybrid material made of titanium dioxide functionalized with an organic conjugated phenol( DIOL) and silver NPss uitable for the selective oxidation of water soluble aromatica lcohols to aldehydes in water under UV irradiation and very mild conditions. The 86 %s electivity observed for the Rutile/DIOL/Ag composite is, to the best of our knowledge, the highest thusf ar reportedf or partial oxidation of aromatic alcohols to aldehydes in water suspensions of titanium dioxide.
The methodi sg eneral as it relies on the concomitante asier adsorption of the aromatica lcohol and more facile releaseo f the aldehyde, coupled to fast interfacial electron transfer due to the conjugated DIOL acting as am olecular electron bridge covalently bound to both silver NPs and titanium dioxide.
Modification of the shuttlem olecule as well as utilizationo f other metal NPs could potentially open the route to optimization of the selectivec onversionf or several other photocatalytic redox reactions mediated by similara dvanced titaniumd ioxide-based composites.
Experimental Section

Synthesesa nd catalyst preparation
All chemicals were purchased from Sigma-Aldrich and used as received without any further purification.
Synthesis of DIOL:
The synthesis was carried out following apreviously reported procedure for Schiffb ase reaction. [21] p-Quinone (10.81 g, 0.1 mol) was condensed with p-aminophenol (21.82 g, 0.2 mol) in the presence of EtOH (100 mL) as as olvent. The reaction mixture was heated at reflux for 6h and then left to stand overnight until the product precipitated. The product was isolated by filtration, washed with petroleum ether,a nd then recrystallized from EtOH and dried under vacuum at 313 K. Synthesis of Ag NPs:Achemical reduction method was used to prepare ac olloidal solution of Ag NPs. [22] [23] [24] An aqueous solution of AgNO 3 (10 À3 m,1 00 mL) was heated until boiling. Then, an aqueous solution of trisodium citrate (10 mL, 1% w/w)w as added dropwise. The resulting mixture was vigorously stirred and heated at about 373 Ku ntil the solution turned yellow.T he resulting suspension was stirred while slowly cooling to room temperature.
Catalysts preparation:T he preparation of Rutile and HP1 catalysts was reported elsewhere. [13, 19] The catalysts functionalized with DIOL (HP1-D and Rutile-D) were prepared similarly to the corresponding pure TiO 2 samples, but the TiCl 4 hydrolysis step was carried out in the presence of DIOL. In particular,f or the HP1-D sample, TiCl 4 (1.12 mL, 0.01 mol) was added dropwise to an aqueous solution of DIOL (58 mg, 0.2 mmol). The mixture was stirred overnight at room temperature and then heated at reflux for 1h. After cooling, the precipitate was isolated by filtration, washed several times with distilled water to eliminate the physically adsorbed DIOL, and dried overnight at 323 K.
The Rutile-D sample was prepared by adding TiCl 4 (20 mL, 0.18 mol) to an aqueous solution of DIOL (450 mg in 1000 mL). Both HP1-D and Rutile-D samples appeared as grey powders.
HP1-D-S and Rutile-D-S were synthesized by stirring DIOL-only functionalized material (0.4 g) with an Ag NPs suspension (25 mL), prepared as described above, overnight at room temperature. The suspension was then centrifuged, and the powder was washed five times to eliminate the non-bound Ag NPs. The materials was then dried overnight at 323 K. For comparison purposes, the HP1-S sample was prepared by stirring HP1 (0.4 g) in ac olloidal suspension of Ag NPs (25 mL) overnight at room temperature. The material was isolated by filtration, and the powder was washed five times with distilled water and dried overnight at 323 K.
DIOL and catalyst characterization
The structure of the synthesized DIOL was confirmed by means of Fourier transform infrared (FTIR) and 1 HNMR spectroscopies. The IR analysis was performed by using aF TIR 8400 Shimadzu spectrophotometer.T he 1 Cyclic voltammetric measurements were taken at different ranges of potential, operating both in reduction and in oxidation modes, with ascan rate of 50 mV s
À1
.Before each voltammetry,the electrolytic solution was stirred by am agnetic stirrer and bubbled with N 2 for 0.5 ht oremove traces of O 2 .
UV-vis spectra in the 200-800 nm range were obtained in absorbance mode for solutions and in reflectance mode for powders. A Shimadzu UV-2401 PC spectrophotometer was used, and the diffuse reflectance spectra (DRS) were recorded by mixing sample powder (50 mg) with BaSO 4 (2 g). The X-ray diffraction patterns were obtained by means of an analytical Empyrean diffractometer using the Cu Ka radiation with aPixcel 1D detector.The morphology of the catalyst was examined using aP hilips XL30 ESEM scanning electron microscope (SEM), operating at 30 kV on specimens upon which at hin layer of gold was deposited. Specific surface areas of HP1 and Rutile photocatalysts were measured by means of aF lowSorb 2300 apparatus (Micromeritics) by using the singlepoint Brunauer-Emmett-Teller (BET) method;v alues were determined to be 230 and 118m 2 g À1 ,r espectively.V alues for HP1-D and Rutile-D could not be determined due to thermal decomposition of DIOL during the degassing treatments (250 8C).
Photocatalytic setup and analytical techniques
The photocatalytic partial oxidation runs in liquid phase were carried out with an initial substrate concentration of 0.5 mm by using ac ylindrical photoreactor (CPR;i nternal diameter:3 2mm, height: 188 mm) containing an aqueous suspension of the photocatalyst (150 mL). The reaction mixture in the reactor was irradiated by three external Actinic BL TL MINI 15 W/10 Philips fluorescent lamps with am ain emission peak in the near-UV region at 365 nm. The reactor was cooled by water circulating through aP yrex thimble, so that the temperature of the suspension was about 300 K. The radiation intensity impinging on the suspension was measured by aradiometer Delta Ohm DO9721 with an UV-A probe;the radiation power absorbed per unit volume of suspension was about 0.76 mW mL À1 .T he lamps were switched on at time (t) = 0, after 0.5 ho fs tirring the suspension in the dark.
The runs were performed in the presence of air.T he catalyst concentration used was 0.2 gL À1 .T he values of substrate concentration before the addition of catalyst and before starting the irradiation were measured in order to determine the substrate adsorption on the catalyst surface under dark conditions. During the reaction runs samples withdrawn at fixed times were immediately filtered through 0.25 or 0.45 mmm embranes (HA, Millipore) before analyses. The quantitative determination of the starting molecules, and their oxidation products were performed by means of aB eckman Coulter HPLC (System Gold 126 solvent module and 168 diode array detector), equipped with aPhenomenex 150 4.60 mm Kinetex 5u C18 100A column at 298 K.
The eluent consisted of am ixture of MeCN and 1mm aqueous trifluoroacetic acid solution (20:80 v/v). The flow rate was set at 0.6 mL min À1 .R etention times (t R )a nd UV spectra of the compounds were compared with those of standards purchased from Sigma-Aldrich (99 %). TOCa nalyses were carried out by a5 000 A Shimadzu analyzer.
